Abstract This study presents newly developed algorithms for retrieving ice cloud microphysical properties (ice water content (IWC) and median mass diameter (D m )) for the stratiform rain and thick anvil regions of deep convective systems (DCSs) using Next Generation Radar (NEXRAD) reflectivity and empirical relationships from aircraft in situ measurements. 
Introduction
Obtaining an accurate representation of convective processes in numerical models is a challenge for improving current and future simulations of the Earth's climate system. A primary unresolved issue is the lack of understanding of the detailed cloud microphysical properties of deep convective systems (DCSs). Although these properties can be measured by research aircraft, such measurements represent very limited convective storm sampling volumes both spatially and temporally. Thus, developing targeted retrievals from long-term groundbased observations would be beneficial to better understand the cloud microphysical properties within DCSs. These retrievals, however, may have large uncertainties. Quantitative analysis on the retrieval uncertainties is required, and aircraft in situ measurements can be used to achieve this goal.
The upper layers of DCSs are mainly ice particles, and these ice layers dominate the radiation budget [Feng et al., 2012] . To better estimate the Earth radiation budget and improve numerical climate forecasts, accurate spatial distributions and temporal variations of ice cloud microphysical properties (e.g., ice water content (IWC) and median mass diameter (D m )) in DCSs are needed. Many previous studies [e.g., Liu and Illingworth, 2000; Matrosov et al., 2002; Mace et al., 2002; Sato and Okamoto, 2006] have attempted to retrieve cirrus cloud microphysical properties from millimeter-wavelength radar reflectivity. However, studies involving the retrieval of ice microphysical properties of DCSs are limited due to severe attenuation of high-frequency radar, lidar, and radiometer signals during the moderate to heavy precipitation events associated with DCSs. For optically thick ice clouds, Wang et al. [2005] developed a method for retrieving the microphysical properties using airborne dual-frequency (X-and W-band) radar measurements. Sayres et al. [2008] derived an empirical relationship between IWC and radar reflectivity (Z e ) using in situ probes and airborne W-band radar measurements during the Cirrus Regional Study of Tropical Anvils and Cirrus LayersFlorida Area Cirrus Experiment. These aerial view radar reflectivity measurements from a high-altitude ER-2 TIAN ET AL.
CONVECTIVE CLOUD MICROPHYSICAL RETRIEVAL 10,820 aircraft avoided the attenuation issue in precipitating thick clouds. However, the application of these airbornederived relationships to ground-based remote sensors is questionable because the ground-based millimeter wavelength radar measurements are severely attenuated for DCSs, especially within the convective core (CC) and stratiform rain (SR) regions. In addition, the W-band Cloud Radar System has not always been available on board the high-altitude aircraft in different campaigns, which limits the usage of W-band reflectivity-based retrieval algorithms. Hogan et al. [2006] (hereafter H06) demonstrated an IWC retrieval method based on S-band radar reflectivity and cloud temperature. Matrosov [2015] applied the H06 retrieval method to obtain ice water path (IWP) in a vertical atmospheric column of precipitating clouds from Next Generation Weather Radar (NEXRAD) reflectivity and evaluated the estimated IWP using cloud microphysical retrievals from CloudSat and auxiliary spaceborne measurements, showing a relative mean difference of 50-60%.
To investigate the microphysical properties and formation-dissipation processes of continental DCSs, the Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) and the National Aeronautics and Space Administration (NASA) Global Precipitation Measurement mission Ground Validation program conducted the Midlatitude Continental Convective Clouds Experiment (MC3E) at the ARM Southern Great Plains (SGP) site during April-June 2011 [Jensen et al., 2015; Williams, 2016; Wang et al., 2016; Giangrande et al., 2016; Kumjian et al., 2016] . The campaign employed the largest observing infrastructure currently available in the Central United States combined with an extensive sounding array, NASA ground validation remote sensors, remote sensing, and aircraft in situ observations. The University of North Dakota (UND) Citation II was one of the primary research aircraft deployed during MC3E and was fully equipped to study cloud microphysics. Six DCS cases sampled by the UND Citation II during MC3E were selected to investigate the ice cloud microphysical properties of DCSs [Wang et al., 2015] (hereafter W15). W15 provided not only the mass-dimensional relationship but also empirical fits between ice cloud particle size distribution (PSD) parameters and NEXRAD reflectivity Z e . In this study, new algorithms for retrieving ice cloud microphysical properties of DCSs are developed using these relationships and S-band NEXRAD radar reflectivity. Ground-based NEXRAD observations advance the temporal continuity and spatial coverage when compared to vertical pointing and airborne radars and can be used to provide continuous four-dimensional (4-D, space-time) measurements over large regions within the continental U.S. This in turn makes it possible to retrieve 4-D ice cloud microphysical properties of DCSs and study their evolutions.
This paper is organized as follows: the data used in this study are introduced in section 2, and the algorithm developments are presented in section 3. In section 4, a case study is first presented to demonstrate the 4-D retrievals and then followed by the IWC profile comparisons from different approaches. To further evaluate the newly developed retrieval algorithms and investigate their suitability over other DCSs, independent aircraft in situ measured ice cloud microphysical properties from the Bow Echo and Mesoscale Convective Vortex Experiment (BAMEX) are used. Finally, a brief summary is given in section 5.
Data
One of the goals of MC3E was to advance the understanding of cloud microphysical properties in DCSs [Jensen et al., 2015] . The comprehensive measurements, including ground-based radars and research aircraft, are used to aid the selection of DCS cases and development of retrieval algorithms [W15] . The UND aircraft probes used in W15 and their associated measurements and accuracies are listed in Table 1 . In summary, the Rosemount Icing Detector, King and Droplet Measurement Technologies (DMT) Cloud Droplet Probes, and OAP Two-Dimensional Cloud (2DC) and DMT Cloud Imaging Probe images have been used to detect the supercooled liquid water content (LWC) in the ice-dominated cloud layers of DCSs. The Nevzorov sensor (measuring total water content (TWC) and LWC) and 2DC and High-Volume Precipitation Spectrometer probes have been used to study DCS's ice cloud PSDs, as well as their bulk ice cloud properties (IWC and D m ). A series of empirical relationships between gamma-fitted parameters and ground-based NEXRAD observations were established, directly providing the representation of cloud microphysical properties for both the remote sensing and modeling communities.
A network of NEXRAD Weather Surveillance Radar-1988 Doppler (WSR-88D) S-band systems (operating at 3 GHz) allows for the observation of a given atmospheric column by several different systems at varying ranges that, when combined, can provide denser vertical sampling. In this study, we produce NEXRAD WSR-88D composites with approximately 2 km horizontal, 1 km vertical, and 5 min temporal resolutions following the methods of Homeyer [2014] and Homeyer and Kumjian [2015] . Note that at the S-band frequency, attenuation by hydrometeors is often negligible and can be ignored for most practical cases [Matrosov, 2007] . Thus, no corrections for attenuation have been applied to the radar composites. During MC3E, an S-band zenith-pointing Doppler radar was deployed by the National Oceanic and Atmospheric Administration (NOAA) at the DOE ARM SGP Central Facility during MC3E. This S-band radar can provide the vertical structure of a precipitating cloud from an altitude of approximately 200 m to 16 km above the ground [Ecklund et al., 1999] with 1 min temporal resolution and 62 m vertical resolution. The NOAA zenith-pointing radar reflectivity is regarded as the "best estimate" to evaluate the uncertainty of composite-gridded NEXRAD reflectivity.
The radar reflectivity columns are extracted from 4-D gridded NEXRAD radar data along the aircraft flight track every 1 min during MC3E. Figure 1 shows the time-height cross sections of NEXRAD radar reflectivity along with the aircraft flight tracks for six selected cases (27 April and 1, 11, 18, 20, and 24 May 2011) . The aircraft in situ data were sampled from inside the SR and thick anvil (AC thick ) regions of DCSs that were adjacent to the convective cores [W15] . Along the aircraft tracks, DCS ice cloud microphysical properties were best estimated using multiple probes as discussed in W15.
Data from an additional field campaign, BAMEX, were also used to evaluate the new retrieval algorithms. BAMEX was conducted between 20 May and 6 July 2003 over the Central United States. One of the primary objectives of BAMEX was to study the life cycle of convective systems using airborne and ground-based observing networks. The observing facilities for BAMEX and some preliminary results are summarized in Davis et al. [2004] . During BAMEX, the NOAA P-3 aircraft documented the vertical variability of ice cloud microphysical properties [McFarquhar et al., 2007a; Grim et al., 2009; Smith et al., 2009] . The NOAA P-3 sampled the cloud environment from 6 km to near the surface in the stratiform regions behind the convective lines (Figures 2 and 3) , which is similar to the area of aircraft sampling during MC3E. The cloud temperatures ranged from nearly À10°C to~15°C during the eight selected flights, and their dates and time periods are summarized in Table 2 . The ice cloud microphysical properties during BAMEX were well calculated following McFarquhar et al. [2007a] and Smith et al. [2009] , and these ice cloud microphysical properties were used to evaluate the newly developed retrieval algorithms. Note that there were 17 flights during BAMEX; 8 of which were used to evaluate the radar retrievals due to available NEXRAD radar measurements and coverage. The average of aircraft in situ measured IWC values for all 17 flights during BAMEX was 1.44 ± 0.89 g m
À3
[ McFarquhar et al., 2007a] , while the average value in this study is 1.25 ± 0.89 g m À3 for the 8 selected flights.
The small mean difference (0.19 g m
) and almost the same standard deviation for the two data sets indicate that the IWC sampled during the eight selected flights are statistically similar to those sampled during the entire project. Smith et al. [2009] further characterize the microphysical properties in context of the location within the storm, where the measurements were made (i.e., in transition zone, notch region, enhanced stratiform region, and rear anvil region).
In addition to the aircraft in situ measurements and NEXRAD observations during MC3E and BAMEX, the ice cloud microphysical properties from a cloud-resolving model (CRM) simulated with spectral bin microphysics during MC3E were also used for intercomparison. The CRM is a numerical model, which has been widely used in cloud system research to investigate the formation, maintenance, structure, and dissipation of cloud systems [e.g., Krueger et al., 1995a Krueger et al., , 1995b and to test innovative cloud parameterizations [e.g., Xu and Krueger, 1991; Xu and Randall, 1995] . Spectral bin microphysics (SBM), in which the size distributions of aerosols and cloud hydrometeors are discretized by a number of size bins and predicted [Khain et al., 2004] , treats cloud microphysical processes more physically than the commonly used bulk microphysical schemes [Khain et al., 2015] . Simulations with SBM are computationally expensive but often are treated as benchmarks in cloud simulations and parameterization development . In this study, the CRM simulations for 20 May case during MC3E from Fan et al. [2015] are used. The simulations have a horizontal resolution of nearly 1 km, which is comparable to our gridded NEXRAD product. More details about the model simulations can be found in Fan et al. [2015] . In this study, the CRM-simulated IWC values are compared with radar-retrieved IWC values.
The NEXRAD-retrieved and CRM-simulated IWC values are also compared with the IWC values retrieved using the H06 method. Temperature is one of the inputs in the H06 retrieval in addition to radar reflectivity. Cloud temperatures used in this study are from the DOE ARM Merged Sounding (MERGESONDE) value-added product, which uses a combination of measurements of radiosonde, Microwave Radiometer, and surface meteorological instruments. The European Centre for Medium-Range Weather Forecasts model outputs with a scaling/interpolation/smoothing scheme are also used to generate the merged soundings in order to produce the atmospheric thermodynamic state profiles in 1 min temporal intervals for a total of 266 vertical layers from sea level up to 20 km [Troyan, 2011] .
This study focuses on microphysical retrievals of the ice layer of DCSs above the freezing level. The instances of supercooled liquid water in the ice-dominated cloud layers of DCSs have been eliminated in the aircraft in situ measurements using multisensor detection, including the Rosemount Icing Detector, King and Cloud Droplet Probes, and the 2DC and Cloud Imaging Probe images during MC3E as mentioned in Table 2 of W15. During BAMEX, the lack of a strong peak in the size distributions measured by a forward scattering spectrometer probe between 5 and 25 μm suggests that minimal supercooled water was present at the location of the observations [McFarquhar et al., 2007b ]. However, freezing-level heights are not readily available with acceptable accuracy from conventional NEXRAD data. In this study, the atmospheric temperature (0°C) from MERGESONDE is also used to detect the melting band level, assuming that the ice particles are dominant above the melting band [Matrosov, 2015] .
Note that the SR and AC thick regions of DCSs are the main interests in this study. The convective-stratiformanvil (CSA) products were used in this study to separate a DCS into three components [Feng et al., 2011] . The definitions of these components are as follows: (1) CC, vertically oriented reflectivity maximum that produces intense precipitation with contiguous echo top above 6 km; (2) SR, widespread precipitation that has a weak horizontal reflectivity gradient and enhanced reflectivity near the 0°C level with a contiguous echo top above 6 km; and (3) AC thick , neither CC nor SR, but radar reflectivity has an echo base above 3 km. More details about the CSA can be found in Feng et al. [2011] .
Retrieval Algorithms
The equivalent radar reflectivity factor Z e can be calculated using a Rayleigh scattering approximation as [Heymsfield et al., 2002a; Boudala et al., 2006] 
where D is the diameter of smallest circle that encloses the ice particle shown on optical array probe images [Heymsfield and Parrish, 1978; Korolev, 2007; W15] , N(D) is the number concentration distribution function, ρ i is the solid ice density, |K i | 2 = 0.176, and |K w | 2 = 0.93. The integration is evaluated from minimum diameter D min up to the maximum diameter D max in the PSD. m(D) is the relationship between the particle mass and diameter given by the expression
where a is the coefficient and b is the exponent.
The IWC can be derived by integrating the individual particle mass over the PSD
Typically, the size distributions of ice particles in observations and numerical model parameterizations are approximated by using a gamma-type size distribution [Heymsfield et al., 2002b [Heymsfield et al., , 2013 McFarquhar et al., 2007a McFarquhar et al., , 2015 ; W15]
where N 0 is the intercept, μ is the dispersion, and λ is the slope. For data collected in tropical cyclones, McFarquhar et al. [2015] showed that μ could range from À2 to 8; λ ranged from 0 to 100 cm À1 ; and the 
where
was determined by W15 noting the following two conclusions: (1) the exponent b of m(D) equals 2.1, which can be broadly applied to a variety of habits including aggregates, bullet rosettes, needles, plates, and dendrites [Heymsfield et al., 2010] , and (2) the Nevzorov probe can accurately measure IWC at D max < 4000 μm but underestimates IWC for D max > 4000 μm (e.g., for cloud with large ice particles D max > 10 mm, the IWC measured by Nevzorov will underestimate more than 50%) [Korolev et al., 2013] . Thus, when using the Nevzorov-measured IWC values at D max < 4000 μm as the best estimate, W15 determined that the most likely value of the coefficient a for the 5 s samples measured during MC3E was 3.65 × 10 À3 g cm À2.1 .
For application of aircraft in situ measured PSDs to remote sensing and models, a series of empirical relationships between the fitted PSD parameters λ and μ and NEXRAD reflectivity Z e values were provided in W15 as follows:
where a λ = 51.465 cm À1 and b λ = À0.091 dBZ
À1
, and
where c μ = À2.5 and a μ = 7.955 and b μ = À0.0948 dBZ À1 when Z e > 12 dBZ and a μ = 3.498 and (5), IWC can thus be retrieved. In addition to IWC, another ice cloud microphysical property, D m , is also retrieved. D m is widely used in the studies of ice cloud microphysical properties [Mace et al., 2002; Heymsfield, 2003; Heymsfield et al., 2004; W15] and is defined as the diameter that splits IWC in half and is expressed by
By combining equations (2) and (4), equation (8) can be simplified as
Given the NEXRAD Z e measurements, λ and μ are estimated using both λ-Z e and μ-Z e relationships, and then D m can be retrieved following equation (9). Note that sensitivity studies are presented in Appendix A, including the sensitivities of the retrieved ice cloud microphysical properties (IWC and D m ) with respect to the uncertainties from input variables (Z e ), empirical relationships (μ-Z e , λ-Z e , and m(D) relationships), and the validity of the assumptions used in the retrieval (the assumed value of maximum and minimum diameters D max and D min ).
Results and Discussions

Ice Cloud Microphysical Properties of DCSs During MC3E
To demonstrate the capability of the retrieval algorithm and its potential applications, we first The large ice particles were initially lofted by convective cores within the linear convective structure and then fell to lower altitudes. Therefore, large particles and IWC, corresponding to higher Z e , are mainly located at lower levels as illustrated in Figure 4 . From 10:15 to 14:15 UTC, the DCS moved northeastward and a large anvil region had developed by 14:15 UTC (green and blue color regions shown in Figure 4b at 8 km). These cloud retrievals can be combined with model simulations to better understand cloud physics and evaluate/improve satellite-based cloud microphysical property retrievals.
To evaluate our retrieval algorithms, the vertical distributions of retrieved IWC values are first compared with those retrieved using the H06 method and the CRM simulations. Note that only IWC values in the SR and AC thick regions of the DCS (green and blue regions in Figures 5a, 5c, and 5e) are used for analysis. For the retrievals from H06 and this study, the SR and AC thick regions are identified following the methodology of Feng et al. [2011] . For CRM simulations, the SR and AC thick regions are identified by vertical motion less than 2 m s À1 , total water content greater than 10 À6 kg kg À1 , and graupel water content less than 10 À3 kg kg À1 .
As mentioned above, H06 provides a method to retrieve IWC based on S-band radar reflectivity Z e and cloud temperature T as follows:
where the IWC 0 is 1 g m
À3
, Z e0 is 1 dBZ, and T is 1°C. This relationship was derived from C-130 in situ measured ice cloud properties in the European Cloud Radiation Experiment (EUCREX). Z e and IWC values measured Matrosov [2015] suggested that the quantitative information on IWC of precipitation systems can generally be obtained from operational WSR-88D measurements using H06. Therefore, it is possible to compare the IWC values retrieved from H06 and this study. Although both retrievals are highly dependent on radar reflectivity Z e , H06 also depends on cloud temperature. In H06, the temperature arises because N 0 depends on the temperature. However, our IWC retrieval is independent of N 0 (equations (5) and (9)), which results in the independence of temperature. The IWC values retrieved from both H06 and this study decrease with height (Figures 5b, 5d , and 5f). Both IWC retrievals are in agreement within 1 standard deviation at each level; however, the H06-retrieved IWC values are approximately 0.3 g m À3 larger than those from this study throughout the ice cloud layer. The "overestimation" of IWC from H06 was also found in Matrosov [2015] , where the integrated H06 IWC retrievals (IWPs) were on average 15-25% higher than IWP values retrieved from high-resolution vertically pointing satellite observations.
For model simulations, since the simulated DCS is delayed by roughly 4 h and shifted by about 0.5°to the north and west for 20 May 2011 case, the analysis is shifted accordingly in location and time . Vertically, the retrieved and CRM-simulated IWC values are averaged according to gridded radar vertical resolution (1 km). The CRM-simulated IWC values increase and then decrease with height, whereas the radarretrieved IWC values generally decrease with height. The different criteria used to select SR and AC regions of DCS may result in the different trends of IWC with height between model and radar retrievals. Note that we are not aiming to evaluate which IWC retrieval or simulation method is the best in this section. However, we find that each retrieved or simulated mean IWC values fall within 1 standard deviation of the other two. In general, the aircraft in situ measured IWC values are within 1 standard deviation of the radar-retrieved IWC values at each level, except large differences that occur at lower levels (5-5.5 km, with temperatures in the range of À8°C to À13°C) as shown in Figures 6a and 6b . The supercooled liquid water at lower levels (above the radar melting/bright band at~4 km) may be attributed to large radar reflectivity measurements and thereafter result in large IWC retrievals, while the supercooled liquid water was excluded in aircraft-measured IWC values through the multisensor detection as discussed in W15. Even though there are large reflectivities at lower levels, the D m values do not show a drastic increase with decreasing height as radar-retrieved IWC vertical profiles (Figures 6a and 6b and 6e and 6f) due to the radar-retrieved D m being less sensitive to Z e compared to the sensitivity of IWC to Z e (Table A1 ). Table 3 are not exactly the same as those in Table 6 of W15.
Figures 5 and 6 have demonstrated that the ice cloud microphysical properties of DCSs retrieved from our new algorithms agree with those retrieved from H06, simulated from CRM, and measured from aircraft 
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generally. However, the empirical relationships used in this study were derived from the aircraft in situ measurements during MC3E, which may have forced a close agreement between the retrievals and aircraft in situ measurements. To better evaluate the newly developed retrieval algorithms and investigate their suitability for additional DCSs, we employ independent aircraft observations from the 2003 BAMEX field experiment.
Validation of the New Algorithms Using the Aircraft in Situ Data During BAMEX
Previous studies [Mace et al., 2002; Dong et al., 1998; Dong and Mace, 2003; Deng and Mace, 2006] have demonstrated that aircraft in situ measurements provide excellent cloud microphysical properties to evaluate ground-based retrievals despite their limited spatial and temporal converge. In this study, aircraft in situ data are temporally averaged to 1 min resolution to match the corresponding radar retrievals during BAMEX. (Figure 7 ). The differences between radar retrievals and aircraft in situ measurements are analyzed from three Figure 7c and leads to larger differences between measured and retrieved D m . The retrieved IWC and D m values increase with radar reflectivity Z e ; however, since the retrieval uncertainties are dominated by ice mass and particle size assumptions, they are almost independent of Z e . Most of (more than 85%) the aircraft in situ measured IWC and D m values fall within the estimated uncertainties of radar retrievals (~1.20 g m À3 and~1.00 mm). During BAMEX, the 2DC probe was used to measure ice particles with D < 1.2 mm and the two-dimensional precipitation probe (2DP) for 1.2 < D < 7 mm. A fitted particle size distribution based on 2DC and 2DP measurements was extrapolated to estimate PSDs above 7 mm (see more details in Appendix A of McFarquhar et al. [2007a] ). Moreover, the m(D) relationships used to calculate IWC and D m were derived from NOAA P-3 radar reflectivity.
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Tuning the m(D) coefficients a and b against independent radar reflectivity measurements significantly reduced the uncertainty in computing mass concentration by avoiding assumptions about which ice shape or mixture of shapes should be applied to the PSDs. However, radar reflectivity is dominated by contributions from larger particles, while IWC is more dependent on small ones. Uncertainties likely exist when applying the m(D) relationships derived from radar reflectivity to calculate IWC for the small particles (more details in Appendix B of McFarquhar et al. [2007a] ). In addition to the uncertainties from extrapolated PSD and radar reflectivity-derived m(D) relationships, different regions of storms sampled by the aircraft will also result in the variations of microphysical properties .
Moreover, the mismatches in time, space, and sampling volumes between radar and aircraft sensors cannot be ignored because the three-dimensional gradients in wind speed and direction and the associated dispersion of ice particles may result in sampling different parts of clouds from ground-based radar and aircraft [Dong et al., 1998; Heymsfield et al., 2002b] . It is clear that the aircraft-measured/calculated IWC is extremely high at 29 dBZ, which is likely caused by large sample volume difference between NEXRAD and aircraft sensor.
Note that the λ-Z e and μ-Z e relationships used in the retrieval were derived based on a database with radar reflectivities ranging from about 3 dBZ to 38 dBZ during MC3E, and the samples with Z e greater than 35 dBZ are limited (sample number less than 10). Thus, larger differences were shown when Z e > 35 dBZ than those for Z e < 35 dBZ in Figure 7a . Uncertainties in radar retrievals are quantitatively investigated and demonstrated in Figure 8 regarding the aircraft in situ measurements as "ground truth." The fractional error is the ratio of the difference between the retrieval and the in situ measurement to the in situ measurement. The median error for IWC retrieval is 60%, suggesting that 32, 1 min radar-retrieved IWC values agree with aircraft in situ measurements within 60%. The 90th percentile corresponds to a 160% fraction error; that is, there are 6 (10% of total 63 samples) retrievals with uncertainties exceeding 160%. The median error for D m (25%) is smaller than its IWC counterpart, but~20% of samples have uncertainties of 100%, which is caused by the D m retrieval discrepancy for smaller particles. Although the retrieval algorithms cannot capture the exact variations of observed IWC and D m , the mean differences between radar-retrieved and aircraft in situ measured IWC and D m values are small. These comparisons also illustrate that the newly developed retrieval algorithms using empirical relationships derived from the aircraft in situ measurements at higher level of DCS with lower 
Summary
This study presents newly developed algorithms for retrieving ice cloud microphysical properties for the stratiform and anvil regions of DCSs using NEXRAD reflectivity and empirical relationships from aircraft in situ measurements. A typical DCS case during the 2011 MC3E field campaign ( Although the retrieval of D m is not very sensitivity to Z e and has deficiency in retrieving smaller D m values, it can still be used to give a crude estimation of mean D m values in the convective clouds. Median errors of~60% and~25% for IWC and D m retrievals, respectively, are found for the BAMEX cases. In general, these comparisons have shown that the new retrieval algorithms can be applied to additional midlatitude continental DCSs. These 4-D retrievals can be used as a valuable data source to evaluate and improve satelliteretrieved ice cloud microphysical properties of DCSs.
Although these retrievals are promising, improvements are possible using higher-resolution, compositegridded NEXRAD products (when available) or data from higher-resolution scanning S-band radars. Recent dual-polarization upgrades to the NEXRAD WSR-88D network may lead to improvements in the radar retrievals since they provide a wealth of additional microphysical information (size, shape, concentration, etc.). These upgraded radar measurements can improve the retrieval accuracy by restricting the selection of ice models, which is the dominate source of retrieval uncertainty. In addition, the dual-polarization radar can be used to better separate the predominantly ice and liquid layers within DCSs and then to improve the performance of the retrieval algorithm. Moreover, little or no microphysical observations exist within the convective cores of DCSs sampled by the research aircraft during MC3E or BAMEX. Future improvements to the algorithm are likely required for its application to CC regions of DCSs since the retrieved microphysical properties may have larger uncertainties than those in SR and AC thick regions, owing to larger variability in the size, shape, and types of hydrometers in the convective core.
Appendix A: Sensitivity Studies
To evaluate the utility of these algorithms, several sources of uncertainty are considered. In this appendix, we will present the sensitivities of the retrieved ice cloud microphysical properties (IWC and D m ) with respect to the uncertainties from input variables (Z e ), empirical relationships (μ-Z e , λ-Z e , and m(D) relationships), and the validity of the assumptions used in the retrieval (the assumed value of maximum and minimum diameters D max and D min ).
A1. Sensitivity to NEXRAD Reflectivity Z e Uncertainty
Since the 4-D composite-gridded NEXRAD reflectivity is merged from three individual radar observations, uncertainty of the composite reflectivity and its impact on the ice cloud property retrievals need to be evaluated. In this study, the NEXRAD reflectivities are compared with the NOAA S-band vertical pointing radar reflectivities in the ice layer of DCSs (above 5 km) over the ARM SGP Central Facility to investigate the uncertainty of the composite-gridded NEXRAD reflectivity. The NEXRAD reflectivities are on average~3.0 dB lower than the NOAA S-band radar reflectivities with a standard deviation of~3.0 dB for their reflectivity differences. That is, the uncertainty of NEXRAD reflectivity can range from 0 to 6.0 dB if the NOAA S-band radar reflectivity is considered as a "best estimate." As listed in Table A1 , with an uncertainty of 3 dB in NEXRAD reflectivity, the retrieved IWC values vary~50% and increase to~70% for a 6.0 dB uncertainty. The D m retrieval algorithm is less sensitive to Z e uncertainty than IWC retrieval algorithm, where the retrieved D m values vary less than 10% with an uncertainty of 3.0 dB in NEXRAD reflectivity and on average, increase to~40% for 6 dB uncertainty.
A2. Sensitivity to the Uncertainties of μ-Z e and λ-Z e Empirical Relationships
The uncertainty of λ (μ) is estimated by calculating the differences between the λ (μ) values derived from λ-Z e (μ-Z e ) equations that were fit to the aircraft in situ measured PSDs and NEXRAD reflectivity Z e during MC3E in W15. In reality, there is a strong covariance between λ and μ [McFarquhar et al., 2015; W15] . Thus, the mutual dependencies of λ and μ should be considered, and the influences of mutual dependence on retrievals are presented in Table A2 . For example, 17 pairs of fitted λ and μ at 8 dBZ during MC3E were applied in equations (5) and (9) to retrieve IWC and D m with mean values of 0.27 g m À3 and 1.16 mm, respectively. The differences between these new means and the retrievals using λ-Z e (μ-Z e ) equations are 10.29% and 81.53%.
The sensitivity studies discussed above are for estimating the uncertainties in the μ-Z e and λ-Z e empirical relationships, and these uncertainties come primarily from the parameterization/fitting based on aircraft derived λ (μ) values and corresponding Z e values during MC3E. For other DCS events, the μ-Z e and λ-Z e empirical relationships may be different, which implies that the coefficients in μ-Z e and λ-Z e may be different. Thus, the sensitivities of retrieved IWC and D m on the μ-Z e and λ-Z e empirical relationship coefficients (a λ , b λ , a μ , b μ , and c μ ) are analyzed in Tables A3 and A4 . The sensitivity studies are conducted by changing one of the five Table A5 . In the D m retrieval, the power b in the m(D) relationship affects the retrieval results, and changing b from 2.25 to 2.1 results in~15% increase in D m .
A4. Sensitivity of Assumed Maximum and Minimum Diameters
Aircraft in situ measurements can be used to provide D max for each measured PSD. However, during the retrieval using radar measurements, it is impossible to know the exact D max . Thus, D max values need to be assumed during retrieval. In this study, the integration of Z e is performed from D min (90 μm) to D max (~3 cm in this study) instead of infinity. We select 3 cm as a threshold for the following two reasons: first, the 3 cm is assumed based on the upper limit of PSD in situ measurements [W15] and second, this threshold is also used in Matrosov [2011] to forward calculate Z e for optically thick ice clouds. Based on a mean D max value of 0.88 cm measured by aircraft probes during MC3E, we use different D max values of 0.75, 1.0, 3.0, and 9.0 cm as the integral upper limits. The retrieved D m is almost independent of the assumption of D max (see Table A6 ). The retrieved IWC values vary within 5% at lower Z e values (e.g., 8 dBZ or 16 dBZ), indicating that the retrieved IWC is also almost independent of the assumed D max . However, at higher Z e values (e.g., 24 dBZ), which is corresponding to higher possibility of existence of larger particles, if smaller D max values (e.g., 0.75 cm or 1 cm) were 
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The μ values calculated are negative at 8 dBZ, 16 dBZ, and 24 dBZ, indicating that μ 1 is smaller than μ and μ 2 is greater than μ. assumed, the IWC uncertainty can be up to 34%. The 90 μm is assumed based on the lower limit of PSD in situ measurements, and the retrieved IWC and D m are almost independent of the assumed D min .
Note that the variations discussed above are estimated based on sensitivity studies rather than retrieval uncertainties. The uncertainties of ice cloud microphysical property retrievals will be estimated in Appendix B and evaluated by independent aircraft in situ measurements in section 4.2.
Appendix B: Estimation of Radar Retrieval Uncertainties
The retrieval uncertainties were estimated with considering error propagations as
and
where the Jacobian matrix, K p , is the sensitivity of the forward model (Z e ) to the model parameters P (a, b, a λ , b λ , a μ , b μ , c μ , D max , and D min ) and can be written as 
Note that the retrievals are independent of N 0 ; thus, ∂Ze ∂N0 is not included in equation (B3). The partial derivation of Z e with respect to each of model parameters and the partial derivations of IWC and D m with respect to Z e are estimated using centered finite differences based on MC3E data set. More specifically, Z e can be forward calculated with assumed m(D) and given N 0 , μ, and λ, which are derived from aircraft in situ measurements according to equation (1). For example, two Z e values can be forward calculated with b changing to 0.9b and 1.1b, where b is the exponent of m(D), and then ∂Ze ∂b can be estimated using centered finite differences by calculating the two Z e values difference over 0.42 (2 × 0.1 × b, where b = 2.1). The estimated value of ∂Ze ∂b is~À9.70 dB during MC3E; that is, if the natural variation of b is assumed to be 0.24 according to the b values listed in Table 3 of Wood et al. [2015] , then the mean contribution to forward Z e calculation uncertainty due to the sensitivity of b in the m(D) and due to the natural variability in b would be on the order of 2.33 dB (À9.7 × 0.24). The estimated ∂IWC ∂Ze is~0.12 g m À3 /dB, which implies that the retrieved IWC uncertainty from the sensitivity/variability in b would be on the order of 0.3 g m À3 .
The total retrieval uncertainties from model parameters P (a, b, a λ , b λ , a μ , b μ , c μ , D max , and D min ) are estimated as 
The total retrieval uncertainties from model parameters are estimated using MC3E data set, and the frequency distributions of these total retrieval uncertainties are shown in Figure B1 . The mode values of retrieval uncertainties for IWC and D m are~1.20 g m À3 and~1.0 mm, while the median values are larger (3.02 g m À3 and 1.45 mm).
The retrieval uncertainties come mainly from uncertainties in the forward model (which relates to uncertainties of model parameters) as well as the uncertainties of radar reflectivity [Zhang and Mace, 2006; Zhao et al., 2010; Deng et al., 2010; Hammonds et al., 2014; Wood et al., 2015] . It was found that the forward model uncertainties (>15 dB, estimated using ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi P K p ÂΔP À Á 2 q ) are much larger than the reflectivity measurement uncertainties (<6 dB). In addition, the uncertainties of ice mass and particle size distribution dominate the forward model uncertainty over the uncertainties of assumed D min and D max values, which is consistent with the results presented in Appendix A. That is, the forward model uncertainties dominate the retrieval uncertainty, and assumptions regarding ice mass and size distribution are critical to the accuracy of the retrievals [Deng et al., 2010] . Figure B1 . Frequency distributions of estimated total uncertainties due to uncertainties/sensitivities of model parameters P (a, b, a λ , b λ , a μ , b μ , c μ , D max , and D min ) for retrieved (a) IWC and (b) D m .
